to the sympathetic preganglionic neurons that control the critical splanchnic bed resulting in neurogenic shock during the early stages of SCI and long-lasting resting hypotension post injury. 
S
pinal cord injury (SCI) affects 250,000 individuals in North America, with approximately 11,000 new cases per annum. 1 The lifetime health costs of an individual with cervical SCI can be as high as $3.3 million. 2 Much of this cost is related to the treatment of secondary complications arising from the SCI. One of the most debilitating secondary consequences of SCI is alterations in autonomic cardiovascular control that, combined with paralysis, predispose individuals with SCI to a higher incidence of cardiovascular disease (CVD). 3 This predisposition to CVD not only results in early mortality but also reduces quality of life.
It is now well recognized that the extent of impairment in cardiovascular function is related to the neurological level of injury, 4 whereby persons with cervical/high-thoracic injuries exhibit a greater impairment in cardiovascular function and an earlier onset of CVD than those with lowthoracic/lumbar injuries. Injury to the cervical/ upper thoracic cord disrupts descending input relationship between the severity (ie, completeness) of SCI and cardiovascular control is less clear. Historically, completeness of injury has referred to motor/sensory (neurological) completeness of injury, as assessed during the well-established neurological examination that is conducted in accordance with the International Standards for Neurological Classification of Spinal Cord Injury (ISNCSCI). 10 More recently, however, a number of researchers have started to investigate the concept of autonomic completeness of SCI and its effect on various bodily functions following injury. There is still no consensus on the best method to assess autonomic completeness of injury. Recently, International Standards to Document remaining Autonomic Functions after SCI (ISAFSCI) have been developed and revised. 11 It is now recommended that this assessment form is used as an adjunct with the ISNCSCI. These ISAFSCI standards, however, provide a simple documentation of autonomic dysfunction after SCI, rather than assessment of autonomic completeness of injury. Hence, there is still no assessment of autonomic completeness of injury in the clinical SCI setting, nor is there a clear understanding of the relationship between autonomic and neurological completeness of injury. A better understanding of such relationships will assist researchers in the development of appropriate levels of stratification within their studies and will assist clinicians in understanding the unique cardiovascular profiles of individuals with varying severities of SCI.
The purpose of this systematic review is to investigate the relationship between cardiovascular function and neurological and autonomic completeness of injury.
Methods

Search strategy
A literature search was conducted in November 2012 through MEDLINE, Embase, and CINAHL. The search strategy included the terms for completeness of injury and cardiovascular function in SCI, including spinal cord injury, paraplegia, tetraplegia, cardiovascular, cardiac, vascular, heart rate, blood pressure, orthostatic hypotension, autonomic dysreflexia, blood flow, deep vein thrombosis, sympathetic nervous system, autonomic nervous system, rehabilitation, American Spinal Injury Association, American Spinal Injury Association Impairment Scale, neurological, complete, incomplete, sympathetic skin response, catecholamines, epinephrine, norepinephrine, heart rate variability, and blood pressure variability.
Study eligibility criteria
Studies were included in the review if they were original articles that reported cardiovascular function by either neurological completeness of injury or autonomic completeness of injury in humans with SCI. We only included studies that defined neurological completeness of injury according to Frankel (prior to 1992) or ISNCSCI or that defined autonomic completeness of injury using one or more of the following methods: microneurography, sympathetic skin response, catecholamines, blood pressure response to orthostasis, heart rate variability, or blood pressure variability. Studies were excluded if they were case reports, case series, or reviews. Any studies that included fewer than 3 individuals with incomplete SCI or failed to stratify their cohort by neurological/autonomic completeness of injury were omitted. Because so few studies have reported cardiovascular function by neurological/ autonomic completeness of injury, we were liberal with inclusion of studies that had low methodological quality, such as no between-group statistical comparisons. We therefore included any study that provided either the baseline values for cardiovascular function or commented on such differences within the results section. Study eligibility was checked by 2 of the authors. A total of 93 studies were initially reviewed for eligibility and 21 studies were included (Figure 1) .
Results
Acute SCI
A total of 9 studies have compared cardiovascular function between individuals with neurologically complete and incomplete acute SCI ( Table 1) .
Three of the 9 studies provided no between-group statistical comparisons.
Heart rate
Incidence of bradycardia was investigated in 5 studies. [12] [13] [14] [15] [16] Piepmeier et al 12 reported that incidence of bradycardia was reduced in cervical incomplete versus cervical complete injuries, although no statistical comparisons were performed. Lehmann et al 13 reported a statistically significant reduction in incidence of bradycardia in cervical incomplete versus complete injuries. Conversely, Gonzalez et al 14 and Levi et al 15 reported no difference in resting heart rate (HR) between cervical incomplete and complete injuries. Huang et al 16 also reported no differences in resting HR between incomplete and complete injuries, although these analyses were limited by the lack of stratification for lesion level. In the only study to investigate electrocardiographic differences between incomplete and complete injuries, it was reported that individuals with cervical incomplete SCI exhibited a lower prevalence of ECG abnormalities (bradycardia, repolarization changes, AV block, supraventricular tachycardia, and ventricular tachycardia) than cervical complete SCI, however no statistical analyses were performed.
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Resting blood pressure
Six studies compared resting blood pressure (BP) between neurologically incomplete and complete acute SCI. [14] [15] [16] [17] [18] [19] Gonzalez et al, 14 Huang et al, 16 and Levi et al 15 was limited by the grouping of lesion levels when the sample was stratified by completeness of injury, and the study by Vale et al 18 was limited by no statistical comparisons. Sidorov et al 19 conducted a comprehensive assessment of BP responses by lesion level and completeness of injury and reported no differences in SBP between individuals with cervical, high-thoracic, and low-thoracic incomplete SCI, whereas cervical complete SCI exhibited a lower SBP than thoracic complete SCI; unfortunately, no direct statistical comparisons were made between complete and incomplete SCI with the same injury level.
Prevalence of blood pressure abnormalities
Sidorov et al 19 reported that prevalence of orthostatic hypotension (OH) was reduced and persisted for less time in acute cervical incomplete versus complete SCI. Conversely, Illman et al 20 reported that there was a similar decline in BP in response to head-up tilt (HUT) in persons with incomplete versus complete injuries. Both studies were limited by a lack of statistical comparisons. The only study to investigate differences in the incidence of neurogenic shock reported that neurogenic shock occurred less frequently in cervical incomplete versus complete SCI. 17 The only study to investigate incidence of AD reported that no differences exist between incomplete versus complete injuries; however, no distinction was made between different lesion levels. 16 
Conclusions for acute SCI
There is no consensus about whether resting HR, BP, or incidence of OH and AD are different between individuals with complete and incomplete acute SCI. Approximately half of the studies are limited by a lack of between-group statistical comparisons or did not separate their cohort by lesion level when stratifying by neurological completeness of injury. The 2 studies that statistically compared resting HR and BP between incomplete and complete individuals with the same level of injury reported contrasting findings. There is limited evidence from one study to suggest that individuals with cervical incomplete SCI exhibit a reduced prevalence of neurogenic shock compared to individuals with cervical complete SCI. Based on the present literature, there is insufficient evidence to conclude whether individuals with a neurologically incomplete SCI exhibit enhanced cardiovascular function compared to their neurologically complete counterparts. Thus, the management of cardiovascular function in acute SCI should depend on clinical observation at the time of assessment and not on neurological completeness of injury.
Chronic SCI
Eight studies have compared cardiovascular function between individuals with neurological complete and incomplete chronic SCI, and 2 of these studies also stratified their sample by autonomic completeness of injury ( Table 2 ).
Resting cardiovascular parameters
Five studies have compared BP in incomplete and complete SCI. 6, [21] [22] [23] [24] Three studies reported no difference in resting SBP or diastolic BP (DBP) between complete and incomplete injuries, [21] [22] [23] whereas one study reported that the diurnal rhythmicity in BP was intact in individuals with a cervical incomplete SCI and absent in 91% of individuals with a cervical complete SCI. 6 That same study reported that only 27% of cervical incomplete SCI exhibited AD in response to urodynamic assessment, whereas 91% of individuals with cervical complete SCI exhibited a dysreflexic response. 6 Similarly, Helkowski et al 24 conducted a retrospective chart review of 332 patients with cervical SCI and found a reduced prevalence of AD in persons with incomplete cervical SCI when compared to cervical complete SCI. Only one study has compared cardiorespiratory and metabolic indices between incomplete and complete SCI and found no differences in resting oxygen uptake, carbon dioxide production, or minute ventilation between groups. 25 The only study to directly investigate resting cardiovascular function in individuals with neurologically incomplete SCI reported that individuals with the highest (cervical) injuries exhibited the lowest HR in the supine and seated position, along with a lower supine and seated BP than individuals with low-thoracic SCI. 26 The study also reported that 23% of individuals with cervical incomplete SCI exhibited OH, whereas only 9% of individuals with thoracic incomplete SCI exhibit OH; this difference approached, but failed to reach, statistical significance.
Heart rate variability
Heart rate variability (HRV), which is used as a proxy to infer autonomic function, was investigated in 3 studies. 21, 22, 27 Rosado-Rivera et al 21 reported no difference in time-domain parameters of HRV between complete and incomplete injury in individuals with cervical or high-thoracic SCI. Grimm et al 22, 27 conducted 2 studies that investigated the frequency-domain of HRV at rest and in response to various provocation maneuvers. The initial study was limited to a relatively small sample of individuals with cervical complete and incomplete SCI, 27 whereas the second study included a greater sample size and included a control group of individuals with thoracic SCI. 22 In both studies, the low-frequency component of HRV, which is thought to broadly reflect sympathetic activity, was increased at rest and in response to provocation in cervical incomplete compared to cervical complete SCI. Conversely, the high-frequency component of HRV, which is thought to broadly reflect parasympathetic activity, was initially reported to be no different at rest between incomplete and complete cervical SCI 27 but was later found to be increased in cervical incomplete. 22 In response to provocation, both studies reported an increased high-frequency component of HRV in cervical incomplete versus cervical complete injuries.
Differences in cardiovascular function between autonomic complete and incomplete chronic SCI
Two studies have compared cardiovascular function between individuals with autonomically complete and incomplete SCI. 23 It is important to note that neither of the 2 studies that investigated autonomic completeness of injury further stratified their sample by lesion level; thus, the reported differences between autonomically complete and incomplete SCI may also be due to a between-group difference in lesion level. A further point of note is that when individuals in both of these studies were stratified by neurological completeness of injury rather than autonomic completeness of injury, there were no differences in any variable between neurologically complete and incomplete individuals.
Chronic SCI conclusions
For neurological completeness of injury, resting metabolic parameters and BP appear similar between individuals with a chronic cervical or high-thoracic complete and incomplete SCI. There is limited evidence to suggest that persons with incomplete cervical SCI exhibit preserved diurnal BP variations, a lower incidence of AD, and increased low-and high-frequency HRV compared to persons with complete cervical SCI. When autonomic completeness of injury is considered, there is stronger evidence that persons with autonomically incomplete SCI exhibit enhanced BP and HR control at rest and in response to HUT along with reduced variability in the electrocardiogram compared to persons with autonomically complete SCI. However, no studies have stratified their sample by autonomic completeness of injury and lesion level. Based on the present literature, autonomic completeness of injury appears to be more strongly related to cardiovascular function than neurological completeness in chronic SCI. Thus, clinicians and scientists should account for both autonomic and neurologic completeness of injury when assessing cardiovascular function in chronic SCI. 
Agreement between neurological completeness of injury and autonomic completeness of injury
The majority of studies that have assessed autonomic completeness of injury have used SSR; hence, we will use SSR as our measure of autonomic completeness when comparing the agreement between neurological and autonomic completeness of injury ( Table 3) . In a series of 2 experiments by Curt et al, 6, 29 it was reported that no patient with a neurologically complete cervical SCI could elicit a palmar or plantar SSR, individuals with an injury caudal to T4 could elicit palmar SSRs, and individuals with an injury caudal to T8 could elicit palmar and plantar SSRs. It is of note that in the 1996 study Curt et al 29 reported that approximately half of the individuals with neurologically incomplete SCI exhibited no preservation of SSRs and no patient with AD exhibited preserved SSRs. More recently, Cariga et al 30 and Claydon et al 31,32 reported a similar lesion-level dependency of SSR, although in all 3 studies it was reported that at least one individual with a neurologically complete cervical/high-thoracic SCI was able to elicit palmar SSRs. When Claydon et al 32 examined the relationship between neurological and autonomic completeness of SCI, they reported that 40% of individuals with an ASIA Impairment Scale (AIS) A exhibited some preservation of SSR and 30% of individuals with an AIS B, C, or D exhibited no preservation of SSR.
Agreement between neurological and autonomic completeness of injury conclusions
Neurological and autonomic completeness of injury represent distinct neurological entities resulting in potentially unique cardiovascular profiles; hence, agreement between autonomic and neurologic completeness of injury is weak. When lesion level is considered, the agreement improves; however, 3 out of 5 studies still report that at least one individual with a neurologically complete high-thoracic/cervical SCI exhibited preserved SSRs. Similarly, all studies report that some individuals with neurologically incomplete injuries exhibit no preservation of SSRs.
Discussion
Implications of findings and suggests for future research
The relationship between completeness of injury and cardiovascular function is complex. This is partly due to the difference in location between the descending autonomic tracts and the spinothalamic and corticospinal tracts, which are assessed during neurological examination ( Figure  2) . Because the routine neurological assessment did not traditionally include any assessment of these descending autonomic tracts, it is perhaps not surprising that so many discrepancies exist as to whether cardiovascular function is different between individuals with neurological complete and incomplete SCI. Indeed, recent studies that have stratified their sample by autonomic completeness of injury all report enhanced cardiovascular function in persons with autonomically incomplete injuries. Unfortunately, no study has stratified their sample by both lesion level and autonomic completeness of injury. It is likely that the degree of remaining autonomic control will become a stronger predictor of remaining cardiovascular function as the level of injury moves cranially.
The importance of accurately documenting autonomic function has been recognized by the clinical community with the addition of an autonomic standards assessment to the ISNCSCI neurological examination. 11 These standards provide a simple bedside assessment of autonomic function that can be conducted at the time of neurological examination. Unfortunately, these standards do not classify individuals as autonomically complete or incomplete. Thus, it is advised that future studies that investigate cardiovascular function after SCI should include, at a minimum, the new ISNCSCI standards and ideally 1 of the 6 methods of assessing autonomic completeness of injury noted in this review. It is also of vital importance that studies that stratify their sample by autonomic completeness of injury further stratify their sample by lesion level, such that a clearer understanding of the relationship between autonomic completeness of injury, neurological completeness of injury, and lesion level can be established.
Limitations
The major limitation of this systematic review is the small number of well-controlled studies that have accounted for lesion level and neurological and autonomic completeness of injury when assessing cardiovascular function. In an attempt to circumvent this limitation, we decided not to apply stringent criteria for study inclusion. Accordingly, we were unable to conduct robust statistical analyses across multiple studies. Instead, we present a descriptive analysis of differences in cardiovascular function by neurological and autonomic completeness of injury. Until more well-controlled studies are available, we believe this descriptive method provides the best approach to synthesizing the available data on the relationship between completeness of injury and cardiovascular function.
Conclusions
In individuals with acute SCI, there is no clear consensus as to whether resting HR, BP, or prevalence of BP abnormalities differs between neurologically complete and incomplete SCI. In individuals with chronic SCI, there is limited evidence to suggest that persons with neurologically incomplete SCI exhibit less prevalence of AD and enhanced HRV in response to provocation; however, resting HR and BP appear similar between neurologically complete and incomplete injuries. For individuals with autonomically incomplete SCI, the limited studies agree that resting cardiovascular function is enhanced. It is also clear that neurological and autonomic completeness of injury represent distinct neurological entities resulting in potentially unique cardiovascular profiles. Based on the evidence of this review, the inclusion of a test for autonomic completeness of injury is strongly encouraged when the outcome measure relates to cardiovascular function. When such a test is not available, clinicians and researchers should make use of the International Standards to Document Remaining Autonomic Function form, which is evidence-based, guideline-driven, and endorsed by the American Spinal Injury Association and International Spinal Cord Society.
